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ABSTRACT

The need for biodegradable bone graft biomaterials in orthopedic surgeries is more often
each day due to the promotion of natural tissue regeneration. One option is calcium
phosphate cements (CPC), that are also osseconductors. However, their low mechanical
properties restrict their application to low mechanical requirement areas of the body. The
CPC mechanical resistance depends on the entanglement grade of the calcium deficient
hydroxyapatite (CDHA), one option to improve it is trough incorporation of nucleating agents
(e.g., stoichiometrically hydroxyapatite). This work proposes the use of a biodegradable
nucleating agent, as it is Type B carbonated Hydroxyapatite (CHA-B), to improve the CPC
performance. It was formulated compositions of alpha tricalcium phosphate («-TCP) with
variations on the amount of CHA-B (0-5-10-15 wt.%). The compression resistance was eval-
uated and results indicated that 5% CHA-B increases the strength (7.8%) and the elastic
modulus (6.16%), while the other additions diminished such values. Besides, the effect on the
setting time, the in vitro degradation and in the physicochemical properties was determined

through scanning electron microscopy, X-ray diffraction and infrared spectroscopy.
© 2022 The Author(s). Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Cementos de fosfato de calcio mejorados por la adiccion de hidroxiapatita
carbonatada tipo B

RESUMEN

La necesidad de biomateriales de relleno 6seo biodegradables en cirugias ortopédicas es
cada vez mayor, ya que promueven la regeneracién natural del tejido. Una opcién son los
cementos de fosfato de calcio (CPC), que ademds son osteoconductores. Sin embargo, sus
bajas propiedades mecanicas limitan su aplicacién a zonas del cuerpo de baja exigencia
mecénica. La resistencia mecanica de los CPC depende del grado de entrecruzamiento de los
cristales formados de hidroxiapatita deficiente en calcio (CDHA), una opcién de aumentarla
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es mediante la incorporacién de agentes nucleantes (e.g. hidroxiapatita estequiométrica).
Este trabajo propone el uso de un agente nucleante biodegradable, como lo es la Hidroxi-
apatita carbonatada tipo B (CHA-B), para mejorar el desempenio de los CPC. Se formularon

composiciones de fosfato tricdlcico alfa (x-TCP) con variaciones en la cantidad de CHA-B
(0-5-10-15wt.%). Se evalud la resistencia a la compresién determinando que la adiccién de
5% de CHA-B aumenta el esfuerzo (7,8%) y el médulo de elasticidad (6,16%), mientras que
las demas adicciones disminuyeron dichos valores. Igualmente, se determiné el efecto en el

tiempo de fraguado, en la degradacién in vitro y en las propiedades fisicoquimicas mediante
las técnicas de microscopia electrénica de barrido, difraccién de rayos x y espectroscopia

infrarroja.

© 2022 El Autor(s). Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Calcium phosphate (CaP) bioceramics, also known as syn-
thetic phosphocalcic apatites, have been widely used in the
medical field for more than 40 years as bone substitutes to
repair defects in this organ [1-3]. They share a great similarity
in chemical composition for containing ions such as H,PO4 ™,
H,P042~ or PO43, of which only the last two ions exist natu-
rally in the mineral phase of the bones and teeth, giving them
excellent biological properties for applications such as ortho-
pedic and dental implants. In addition, they present physical
properties similar to the mineral phase of natural bone [4,5].

Among the CaP, calcium phosphate cements (CPC) are
known for being biocompatible and biodegradable making
them good candidates to be used in orthopedic procedures.
The use of bone grafting in surgeries have become frequent in
traumatology and orthopedics, therefore there is a need to use
materials that provide fast solution to the mechanical require-
ments, guarantee the well-being and increase life expectancy
of the patients [6].

The precursors of CPCs are calcium orthophosphates,
which form a family of chemical compounds that differ mainly
in the calcium to phosphorous (Ca/P) molar ratio and in
their water solubility. The most frequent used are: alpha and
beta polymorphs of tricalcium phosphate (a-TCP and B-TCP),
stoichiometric hydroxyapatite (HA) and carbonate hydroxyap-
atites type A, type B and type AB (CHA-A, CHA-B and CHA-AB,
respectively) [7-9]. All of them present significant differences
in their mechanical and biological properties, which allow
to give specific use to each one according to the necessary
application. However, nowadays «a-TCP is one of the CaP that
receives more attention as precursor of bone cements, due to
its high solubility [10-13]. The high solubility leads to a faster
dissolution and precipitation of calcium deficient hydroxyap-
atite (CDHA) that can directly influence the in vivo behavior of
bioceramics, specifically in the degradation rate of the mate-
rial at body conditions and the regeneration rate of the new
bone [14].

CPCs are very important because at an in vivo level they
present biodegradability and osteoconduction that help to
integrate with the surrounding bone in the affected area
and subsequently promote the bone regeneration [15]. CPCs
are known for their versatility to graduate their injectiabil-
lity and moldability by modifying the liquid-to-powder (L/P)

ratio, however, they present low mechanical properties limit-
ing their application to areas of the body with low mechanical
requirements [16-20].

The mechanical resistance of CPCs is dependent on the
degree of entanglement of the CDHA crystals. An option to
increase it, is through the incorporation of nucleating agents
as HA particles in a small percentages (3-10% w/w) [21]. HA is
one of the most desired calcium phosphate for bone implants
due to its hexagonal crystallographic system that provides
greater stability. Such stability is linked to a low resorption
kinetics, thus the material will not degrade in the body [22-24].
To increase resorption and to obtain a more suitable mate-
rial for bone implants, there is the possibility of performing
ion replacements in the HA that generate a distortion of this
hexagonal structure, providing less stability, i.e., greater sol-
ubility [2,25]. To achieve this, the hydroxyl ion (OH™) or the
phosphate ion (PO43~) present in the HA can be replaced by a
carbonate ion (CO327), this substitution can be carried out by
physico-chemical means resulting in a carbonated hydroxya-
patite (CHA) [23,25].

According to the position that CO3*~ ion replaces in the
HA, it will present a different denotation. In the case where
the ion occupies the place of the OH™ ion, it is denoted as type
A carbonate hydroxyapatite (CHA-A) and when it replaces the
phosphate PO43~ ion, it is denoted as type B carbonate hydrox-
yapatite (CHA-B) [25,26]. The latter is the most common in
natural bones and is the one used in this work as a nucleating
agent for the CPC.

With the purpose to obtain a totally biodegradable CPC,
including the nucleating agent, in this research it was elab-
orated a material composed of calcium phosphate cement
- reinforced with type B carbonated hydroxyapatite (CHA-B)
where different formulations were analyzed varying the addi-
tion of CHA-B as nucleating agent (0, 5, 10 and 15% in weight).
The effect of addition of CHA-B to the physicochemical and
mechanical properties and the in vitro performance of these
CPC formulations based on «-TCP were evaluated.

2—

Materials and methods
Synthesis of alpha tricalcium phosphate («-TCP)

a-TCP was obtained following the protocol of previous
works|[11,27], briefly, a high temperature solid-state reaction of
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calcium hydrogen phosphate (CaHPOg4, Alpha Aesar) and cal-
cium carbonate (CaCOs;, Merck) at a 2:1 molar ratio was
performed inside a furnace.

The mixture was heated to 1400 °C with 2 h hold and subse-
quent cooling to room temperature at 10 °C/min. Such cooling
rate was demonstrated to be sufficient to retain and stabi-
lize the desired alpha phase at room temperature [10,28]. The
TCP was grinded in a centrifugal mill (51000 Restch, Germany)
using zirconia jar and balls of different diameters (197, 149,
101mm+1mm in diameter), this procedure was performed
for 15min at S500RPM in order to decrease the particle size;
finally, the particulate material was sieved through a # 500
(25 wm hole size) Tyler mesh. Passing material was used in the
preparation of the cement specimens. Such milling process
gives a coarse TCP with a mean particle size of 9.1 pm, a dqp of
1.5 um and a dyo of 26.1 wm, as previously reported [11].

Synthesis of carbonate hydroxyapatite type B (CHA-B)

The CHA-B was obtained via inverse aqueous reactions of two
solutions, the first, a calcium solution (Ca(NOs);) that was
deposited in a reactor with constant agitation, after a com-
plete dissolution of the calcium precursor was observed, the
reactor was submerged in a silicon water bath in order to
obtain a better temperature control; this system is heated in
an inert atmosphere to avoid the carbonation of the apatites,
due to the carbon dioxide in the atmosphere. Once the system
reached 95 °C, the second solution containing the (NH4)HCO3
and (NH4),HPO4 chemical compounds was added. The speed
of addition of the solution was approximately of 10 mL/min,
which guaranteed a slow flow avoiding the formation of cal-
cite in the precipitate, besides it modulates the particle size of
the precipitated CHA-B [25,26].

Asthe second solution is added, the maturation time starts,
which consists in keeping the same system conditions for
30min and controlling the precipitate pH in a range of 8-9
in order to avoid the appearance of hydrogen phosphate ions
during CHA-B precipitation. Later, when the precipitates were
obtained, filtration and washing with deionized water was per-
formed to eliminate the remaining dissolved ions from the
liquid phase of the reaction, as well as the ions adsorbed
by the surface of the obtained precipitates. Finally, a dry-
ing process was carried out around 100°C to eliminate the
absorbed surface water and later a thermal treatment was car-
ried out for 2h at 400°C, as the aqueous precipitation method
tends to store a considerable amount of interlaminar water
and residues of the precursor solutions during the synthesis
[25,26].

Calcium phosphate cements preparation

CPCs were obtained by mixing a-TCP precursor with distilled
water and CHA-B. Four different CHA-B additions (0-5-10 and
15% by weight) were performed and cements were noted as
function of this addition as C0, C5, C10 and C15, respectively.
All CPCs were obtained at an L/P ratio of 0.44 mL/g.

Prior to the cement preparation, CHA-B was treated to
diminish agglomeration due to its nanometric particle size
characteristic. An ethanol dispersion process was imple-
mented by sonication for 30 min, then drying the CHA-B in an

oven at 70°C for about 2 h to evaporate the solvent and finally
sieving through a #325 (44 um hole size) Tyler mesh.

To obtain the cement, first the two solid components (a-
TCP and CHA-B) were manually and vigorously homogenized
for 1min with the corresponding amount of distilled water
to obtain the required L/P ratio. Afterwards, the molding was
performed using the specific mold for each test. The molding
time was as short as possible to control the setting, avoiding
that the paste dries out and a heterogeneous consolidation
of the sample occurred. For this purpose, for axial compres-
sion test, Teflon cylindrical molds were used in accordance to
ASTM C1424 standard [29]. For diametral tension test, Teflon
cylindrical molds were used based on reported by Baudin et al.
[30].

The setting process was carried out mimicking body con-
ditions, molds were placed inside an incubator at 37°C
(Incubator 1000, Heidolph Instruments). The process consisted
of two stages, in the first one it was set in high humidity condi-
tions (close to 100%) for 16 h to avoid swelling of the samples.
In the second stage, the samples were completely immersed
in a 0.9% weight/volume sodium chloride (NaCl) solution for 7
days.

Physicochemical characterization

Cement precursors

The physicochemical characterization of the cement precur-
sors (a-TCP and CHA-B) in their powder state were done using
the same characterization equipment. To identify the chemi-
cal elements and to determine the Ca/P molar ratio, samples
were analyzed by means of dispersive wavelength X-ray flu-
orescence (WD-XRF) in a spectrometer using Rhodium (Rh)
source (ARL Optim’X, Thermo Scientific).

A combustion analyzer (CS844, Leco) was implemented to
identify the carbon content and thus estimate the carbonate
present in the synthesized CHA-B.

Fourier transform infrared spectroscopy using attenuated
total reflectance system (FTIR-ATR, PelkinElmer) was used
to identify the characteristic chemical bonds in the wave-
length range of 1600-400cm~! and 4000-450cm~? for a-TCP
and CHA-B, respectively.

X-ray diffraction (XRD, EMPYREAN, PANalytical) with a cop-
per radiation source (Cu ka, A =1.540598 A) at 45kV and 40 mA
was used for the identification of the crystallographic phases,
analyzed in the 260 range of 20° to 60° with a step size of 0.02°.
JCPDS files used for XRD phase identification were 09-0348 for
a-TCP; 09-0169 for B-TCP and 9-432 for HA. High vacuum scan-
ning electron microscopy (SEM, JSM 6490 LV, JOEL) was used to
determine the morphology of the starting materials.

Calcium phosphate cements

The obtained cements with 0, 5, 10 and 15wt.% additions
of CHA-B were characterized after the setting process. Nev-
ertheless, the final setting time was evaluated by a Vicat
needle penetration test (63-L0028, Controls), following a mod-
ified protocol based on ASTM C191-18 [31]. This equipment
has a removable steel needle with an approximate length of
50mm and a constant cross section of 1.00 + 0.05 mm in diam-
eter. The test was carried out inside an incubator (Incubator
1000, Heidolph Instruments), where 37°C temperature and
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high humidity were controlled during setting. Modification
of the protocol was as follows: molds of 12mm of diame-
ter and 6mm of height were used. After an initial time of
30 min indentations were performed, a maximum of 5 inden-
tation per mold were done to guarantee a minimum distance
of 2.0 mm between indentations. For a single condition, sev-
eral molds were used. The time and depth in millimeters of
each penetration was registered until obtaining an indenta-
tion smaller than one millimeter as specified in the ASTM
standard. This test was performed triplicated for each CPC
condition.

In addition, the pH of the cements was monitored with a
pH-meter (MP 220, Mettler Toledo) during the first 6h of the
hydration reaction and after 48h to check the pH of stabi-
lization. Protocol was stablished based on several researches
[32-34], each cement condition was prepared as a slurry with
a L/P ratio of 20mL/g, continuously stirred and maintained at
37°C. The high L/P and continuous agitation were applied to
maintain the particles disperse avoiding sedimentation and
to protect the membrane of the pH electrode.

WD-XRF was performed to identify any effect of the CHA-B
addition on the final Ca/P molar ratio of the CPCs. Likewise,
XRD was performed to identify differences among CPCs. For
this purpose, phases were identified and quantified by Rietveld
refinement using the materials analysis using free diffraction
software (MAUD, University of Trento, Italy); the results were
confirmed with a residual in weight percentage (Rwp) lower
than 10% and a significance level equal or lower than 0.02 [35].
In addition to the JCPD files used for reagents identification,
File # 46-905 was used to identify and quantify CDHA phase.

FTIR-ATR was performed in the wavelength range of
4000-450 cm~1, analysis between 1600 and 400 cm~! was per-
formed to identify the phosphate bonds related peaks and
above 3000cm™! to identify the OH~ peak related to the for-
mation of an apatite in the CPC.

SEM images of each CPC were taken to analyze the influ-
ence of CHA-B addition on the microstructure after setting for
7 days.

Mechanical characterization

The cements produced were mechanically characterized by
axial compression following the procedure described in ASTM
C1424 [29], using a universal testing machine (AGS-X, Shi-
madzu) with a 50kN load cell, the test was performed at a
speed of 0.5 mm/min. Based on the engineering stress-strain
curves calculated from the displacement-load curves and the
specimen dimensions, the maximum stress value was deter-
mined. For each cement condition, five samples of 6.3 mm
diameter and 12.7 mm height were analyzed.

The tensile strength of the cements was determined by
means of the diametrical disk compression test based on the
experimental results presented by Baudin et al. [30]. Samples
of 6mm diameter and 3mm height were loaded at a speed
of 1mm/min. The tensile strength of the cements Eq. (1), was
calculated according to the specimen’s dimensions and the
maximum force reached in the force-displacement curve.

2F

U:a (1)

Fig. 1 - Mounting for diametric compression test (a).
Characteristic fracture to validate the test (b).

where o is the tensile strength, F the maximum force recorded
in the force-displacement curve, D the diameter of the spec-
imen and t the height of the specimen. Fig. 1a shows the
assembly for the diametric compression test where it should
be noted that, for the validity of this, the test must have a lin-
ear fracture along the center of the orthogonal plane to the
applied force as shown in Fig. 1b.

A Weibull distribution analysis was applied to 15 valid
results of each tested condition. After the test, specimens were
used to analyze the fracture surfaces by SEM.

To plot the experimental values, the probabilities of failure
were calculated from Eq. (2).

i—05
P = 2

where py, are the Weibull distribution parameters, N is the total
number of samples and i the samples organized in ascending
order. Eq. (3) was used to calculate the cumulative distribu-
tions.

ps(0) = 1— exp (%%)m) (3)

where P¢(0) is the probability of failure at a strength o, mis the
Weibull module and oy is the characteristic strength.

In vitro testing

A quantitative comparison of the cements was performed
based on the degradation study of calcium phosphates by
Diez-Escudero et al. [36], an accelerated degradation test was
performed by immersing the cements in an acid solution
(pH 2.0), composed of 0.01M hydrochloric acid and 0.14M
sodium chloride, test was performed inside an incubator at
37°C and with constant agitation of 100 RPM. Before the test,
the samples were dried at 100°C for 12h and their weight
was recorded until a constant value was reached. The sam-
ples were immersed in 5.0mL of the acid solution and this
was renewed every hour to prevent changes in the pH of the
solution, which could alter the degradation behavior. After
8h of testing, the samples were washed with distilled water
and dried at 100°C until reaching a constant weight. For each
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Table 1 - Percentage and molar content of Ca and P, Ca/P molar ratio of each precursor and carbonate content of CHA-B.

Precursor Quantity Ca P Ca/P ratio Carbonate content (wt.%)
«-TCP % Weight 38.33 19.88 1.49 -

Moles 0.96 0.64
CHA-B % Weight 41.15 18.48 1.73 5.9

Moles 1.03 0.60

condition, 3 replicates were evaluated and finally the differ- q - v(POJ)
PO v (PO v,(PO,%)
e 2D &

ence in weight was calculated according to Eq. (4).

Mi—M 100 @)

i

Massloss =

where m; is the initial mass of the specimen and my is the final
dry mass of specimen after the test. On the other hand, the pH
of each one of the solutions was measured every hour, where
it was obtained that it fluctuated between values of 1.97 and
2.03 in the pH scale; indicating that during the 8h of test, the
acidity of the solution was kept constant.

% Transmitance
% Transmitance

(PO}

" vy(OH)

o e PO

1600 1400 1200 1000 800 600 400 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™) Wavenumber (cm™')

Fig. 2 - FTIR spectra. Alpha tricalcium phosphate (a),
carbonate hydroxyapatite type B (b).

Results and discussion

Physicochemical characterization of precursors («-TCP and
CHA-B)

XRF and carbonate content
Table 1 shows the XRF results of the elements of interest, their
equivalence in moles and the Ca/P molar ratio for each of the
precursors and the carbonate content estimated in the CHA-B.
The theoretical Ca/P molar ratio for «-TCP is approximately
1.5, an appropriate value for this type of calcium phosphate. In
the case of CHA-B, a Ca/P ratio equal to 1.73 is obtained, which
is higher than the usual 1.67 presented by stoichiometric
hydroxyapatite (HA). This increase is related to replacement
of phosphate ions by carbonate ions during the CHA-B for-
mation process, thus, the P decrease in the sample, leads to
an increase in the Ca/P molar ratio, this is corroborated by
the 5.9 wt.% carbonate content identified in the CHA-B, which
agrees with reported in similar synthesis [37]. The approxi-
mately 1.5 Ca/P values obtained from the precursors give an
indication of appropriate values for the biological processes
that occur in the human body such as: adhesion and differen-
tiation of bone cells, which are expected to be maintained in
the derived obtained cements [10,12].

FTIR

The spectrum obtained by FTIR-ATR for the «-TCP, shown in
Fig. 2a, presents four characteristic vibration modes of the
phosphate ion (PO437): v; at 956cm~! for symmetrical P-O
stretching, vy at 415-470 cm~? for symmetrical double degen-
erated P-O rolling, v3 at 984-1058cm~! for antisymmetrical
triple degenerated P-O stretching and v4 at 551-613cm~? for
antisymmetrical triple degenerated P-O rolling [10,11].

The spectrum of CHA-B shown in Fig. 2b presents three
modes of vibration characteristic of the PO43~ ion: v at
960 cm™! for the symmetrical stretching of P-0, v3 at 1024 cm™?
for the triple degenerated antisymmetrical stretching of P-O
and vq at 551-613cm~! for the triple degenerated anti-
symmetrical stretching of P-O; in addition, two types of

vibrations are presented for the CO32~ ion: v, at 874cm~" and
v3 at 1412-1456cm~! corresponding to the antisymmetrical
stretching vibration of C-O. v, and vs vibrations of CO32~ ion
are important to identify the type of substitution obtained in
the HA as vibrations are present at different wavelengths. For
type A substitution v, is present at 878 cm~! and v3 doublet at
1465-1542 cm™1, and for type B they can be found at 872 cm™1!
and at 1412-1462 cm~? [38]. Thus, this result seems to indi-
cate that type B substitution is being accomplished during
the synthesis. Finally, a weak peak is observed at 3572 cm™?
for the stretching (vs) corresponding to the hydroxyl group,
characteristic of hydroxyapatites [10,39], which confirms that
although the substitution of ions has been made it remains to
be a hydroxyapatite.

XRD and morphology of precursors

In the diffractogram of a-TCP reported in Fig. 3a, the identi-
fied peaks are mainly related to «-TCP phase and only one is
related to the B-TCP phase, according to the patterns JCPD 9-
348 and JCPD 9-169 respectively. This result corroborates that
the heat treatment used in the synthesis is appropriate to
obtain a tricalcium phosphate with a high content of the alpha
phase with few impurities of the beta phase. As stated in other
works, the beta phase trace is more related with the small
content of beta stabilizers as magnesium (Mg) and strontium
(Sr) [40,41], than with the cooling method to retain the alpha
polymorph [11].

Fig. 3b shows the diffractogram of the CHA-B, which was
contrasted with the JCPD 9-432 standard and it was obtained
that all the peaks presented correspond to hydroxyapatite.
Unlike stoichiometric HA, in the CHA-B spectrum the iden-
tified peaks are less defined and with a wider base, due to
the incorporation of carbonate in its structure that distorts
the hexagonal structure of stoichiometric HA, hinting that the
obtained CHA-B is less crystalline and more reactive [39].

Fig. 3c corresponds to morphology of «-TCP, it is pos-
sible to observe particles of different sizes with irregular
non-equiaxial characteristics and rounded tips, related to the
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Fig. 3 - XRD from «-TCP (a). XRD from CHA-B (b). SEM micrograph from «-TCP (c). SEM micrograph of CHA-B (d).

Table 2 - Final setting time using the Vicat needle.

Cement Co C5 C10 C15
Final setting time (min:s) 219:97 194:82 173:99 128:28
Deviation 5:71 3:81 3:91 2:75

milling process, particles size ranges from 1.8 to 17.8nm,
which are inside the range determined in previous publica-
tion. Such particle size may be classified as a coarse TCP which
will lead to a CDHA with plate-like morphology [19,42]. CHA-B
is presented in Fig. 3d, where a large number of agglomerates
is observed due to its hygroscopic nature and the nanometric
scale of the particles of the material after the wet synthesis
process.

Physicochemical, mechanical and in vitro characterization
of calcium phosphate cements

Final setting time and pH evolution

Table 2 shows the final setting times determined by resistance
to Vicat needle indentation. The final setting times obtained
are 219:97 min:s, 194:82 min:s, 173:98 min:s and 128:29 min:s
for conditions CO-C5-C10 and C15 by weight respectively of
CHA-B content. The times obtained show that the greater the
amount of CHA-B in the CPC, the shorter the final setting time,
which can be attributed to the process of dissolution and pre-
cipitation that occurs during the setting time, this is evidenced
by a drier and more difficult to mold paste as the addition of
CHA-B is greater. This result corroborates that CHA-B addition
acts as a nucleating agent that diminishes the setting time,

effect that is known to be promoted when stoichiometric HA
is added in the formulation of CPCs [43,44].

The obtained results are almost three times higher than
final setting time values reported in literature of similar cal-
cium phosphate cements, such difference is related to the
temperature and humidity conditions that were controlled
during setting in this work. Most setting time studies do
not describe the conditions of these parameters (especially
humidity) or in some cases are only reported to have been
performed at room or body temperature [45-47]. The control of
parameters such as temperature and humidity are of utmost
importance when dealing with a material that can be used as
a bone implant and its analysis should be carried out as close
as possible to the conditions of use. The performance at high
humidity allows the process of dissolution and precipitation,
that occurs during setting, to be more controlled, preventing
the material from cracking due to fast drying of the sample.

Fig. 4 shows the evolution of the pH slurry during the hydra-
tion reaction of each of cements formulated. As observed, the
pH changed in the range values of 6.5 and 9.0 for all conditions,
which suggest that the final cements will be of the apatitic
kind as values are in the stability range of CDHA (pH > 4.2) and
not in the one of brushite cements (pH <4.2) [21]. In CO it can
be observed the behavior of «-TCP when mixed with water,
the pH is increased to a maximum of 8.84 after 30 min of reac-
tion, due to the basic character of the phosphate ion that is
being release during the dissolution stage of the cement con-
solidation, afterwards the pH rapidly diminishes to a pH close
to 8.5 and then at a minor rate toward a neutral pH. It is noto-
rious that higher addition of CHA-B diminishes the maximum
pH value and the time to reach it is faster. C5 reach a pH of
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Fig. 4 - pH evolution of the cement formulations during the
hydration reaction.

Table 3 - Elemental composition of CPCs and their Ca/P
molar ratio.

Quantity Ca P Ca/P molar ratio Cement
formulation

% weight 35.9 18.96 1.47 Co

Moles 0.9 0.61

% weight 35.98 19.09 1.46 G5

Moles 0.9 0.62

% weight 36.19 18.97 1.48 C10

Moles 0.91 0.61

% weight 35.68 19.14 1.44 C15

Moles 0.89 0.62

8.18 at 20min, C10 a pH of 7.85 at 10min and C15 a pH of
7.65 also after 10 min of reaction. The lower maximum pH val-
ues are attributed to the acidic character of the carbonate ion,
however, it is corroborated that the phosphate basic character
maintains the slurry in the appropriate range for precipita-
tion of CDHA crystals. The shortening in time to reach such
maximum is suggesting that the addition of HAC-B is in fact
acting as a nucleating agent and increasing the reactivity of
the cement, corroborating the results from Vicat indentation.
The pH curves obtained in this work presented similar behav-
ior from those presented by Canal et al. [34], and TenHuisen
and Brown [33], however, punctual values are different as par-
ticle size of «-TCP used in their works are below the 5.0 um
and applied thermal treatments granted them higher reactiv-
ity. Finally, the stabilization pH after 48h of reaction was of
6.91 for CO, 5.46 for C10, 5.56 for C15 and 5.57 for C15, indi-
cating that the more acidic character remains in conditions
with HAC-B added, nevertheless, within the range of CDHA
precipitation.

XRF

The Ca/P molar ratio present in each CPC formulation after
setting is presented in Table 3. From these results, it is possible
to establish that the variations of CHA-B addition do not cause
significant changes to the Ca/P molar ratio of CPCs, which can

% Transmitance

3600 3400 3200  3000!

T T — | ‘
1200 1000 800 600
Wavenumber (cm™)

T T T T

T 1
1600 1400 400

Fig. 5 - FTIR spectra of CPCs as a function of the percentage
of CHA-B added. Insert for analysis between 3700 and
3000cm™1,

be attributed to the fact that these additions are considered
low compared to the amount of material used during the test,
as stated before, its function is to act as a nucleating agent.
Thus, it is corroborated that the Ca/P molar ratio in CPC is
mainly governed by the chemical composition of the a-TCP
[48].

Values close to 1.5 is characteristic of CDHA, indicating that
the obtained cements have appropriate chemical conditions
to be used as bone implants as they are within the range of
natural bones [48].

FTIR

For all the CPCs produced, the wave number ranges between
1600-400cm~! and 3700-3000cm~! were selected to verify
the existence of the functional groups characteristic of CDHA
present in the obtained cements. Fig. 5 illustrates the FTIR
spectra of all the CPC formulations with different CHA-B addi-
tions. Besides, an insert is presented for the analysis of the
vibrations corresponding to OH™. The four spectra similarity
indicates that there are no evident changes due to the addi-
tion of CHA-B and that the characteristic spectrum of CDHA
is obtained in all conditions.

The acquired spectra present four characteristic vibration
modes of the PO43~ ion: vy at 956 cm ™! of the symmetric P-O
stretching, v, at 415-470 cm~? of the symmetric double degen-
erated P-O rolling, vs at 984-1058 cm~? of the antisymmetric
triple degenerated P-O stretching and v4 at 551-613cm™! of
the antisymmetric triple degenerated P-O rolling. Besides,
two types of vibrations are presented for the OH™ ion: vs at
3572cm™?, a weak peak that corresponds to the stretching of
the hydroxyl group and v, at 630 cm™?, which confirm us that
the setting has been successful to obtain a hydroxyapatite;
in addition, it is observed a wide absorption at 870cm~! that
corresponds to the stretching mode P-O (H) of HPO42~ group,
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Fig. 6 - X-ray diffractograms of CPCs as a function of the
percentage of CHA-B added. Diffraction patterns 09-0348:
«-TCP; 09-0169: B-TCP; 46-905: CDHA.

which indicates a calcium deficiency in the obtained cement
[49].

The peak of the carbonate ion is not evidenced in any of the
obtained cements, being possible that during the immersion
in NacCl solution, for the setting process, CO3 has diffused.

XRD

The X-ray diffraction patterns of the cement formulations are
shown in Fig. 6. The peaks obtained were identified by means
of the JCPDS 46-905 reference standard for CDHA, which indi-
cates that the setting conditions are adequate to promote the
dissolution process of a-TCP and subsequent precipitation of
the CDHA phase, however, the reaction requires more time
since some peaks corresponding to the a- TCP and B-TCP
phases remain, perhaps, due to large particles of the alpha
polymorph that do not manage to fully react during setting
and to the low solubility of the beta phase [11,49].

It is clearly seen how the intensity of the peaks located at
22.16°; 24.13°; 30.71° and 34.51° for the «-TCP remnant and
the peak located at 29.70° for the B-TCP remnant decrease to
almost disappear as CHA-B addition increases. This behavior
can be attributed to CHA-B acting as a nucleant agent for the
CDHA phase. In order to corroborate this tendency, a phase
quantification analysis was carried out applying Rietveld’s
methodology. The results are presented in Table 4 where the

Table 4 - Percentage by weight of phases present in

CPCs set at 37 °C for 7 days in Ringer solution.

Cement formulation CDHA «-TCP 3-TCP
Cco 79.8 £ 0.1 16.4 £ 0.8 3.8+ 04
@5 84.2 £ 0.1 10.5 £ 0.5 54+ 0.5
C10 90.9 £ 0.1 6.8 £ 0.5 22+ 04
C15 93.0 £ 0.1 5.8+ 0.4 1.2+ 04
n=5
25+
©
L _
=3
» 20
[22] 3
£ \
) ,
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Fig. 7 - Maximum compressive strength of CPCs,
(n=number of replicates).

CDHA phase content progressively increases as a function
of CHA-B addition, which confirms the action as nucleation
agent. These results hint that all tested CPC would present
good in vivo performance related to the elevated CDHA content
[15,50].

Maximum axial compressive strength
Fig. 7 shows the maximum axial compressive strength of the
various conditions tested. An influence of the percentage of
addiction of CHA-B is difficult to determine as the only condi-
tion that present a significative difference is C15. It can be seen
that the formulation with 5% in weight of CHA-B addition,
presents a slight increase in the maximum resistance com-
pared with the cement without modifications, changing from
20.4 + 1.8 MPa for CO to 22.0 & 3.6 MPa for C5. Although, accord-
ing to the deviations obtained in the results, the difference is
not significant. It is possible that the slight increase is related
to the nucleating effect of CHA-B for the CDHA phase, since
the mechanical properties are directly related to the greater
quantity and entanglement of CDHA crystals [21]. However,
for the conditions of higher percentage of CHA-B addition (i.e.
C10 and C15), values of 18.3+2.0MPa and 14.5+3.2 MPa are
obtained respectively, which does not agree with the higher
amount of CDHA, as presented in Table 4. This is attributed to
the possible CHA-B agglomerates that may be formed in CPCs
due to the nanometric character of the CHA-B particles that
could act as stress concentrators.

CPCs may present compressive strength as high as 80 MPa,
depending on the compaction of the sample, the particle size
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Fig. 8 - Graphs of Weibull distributions of formulated CPCs. Squares: experimental values (Eq. (2)). Red lines: P calculated
using the Weibull module and the characteristic stress values of Table 5.

of the precursors or the L/P ratio [51,52]. Although the porosity
of the samples was not measured, comparison can be made
with similar CPC prepared by Espanol et al. [19], where coarse
a-TCP with a slight lower median particle size of 5.5 um and
broader distribution (0.1-40 pm), suggest that our prepared
CPCs may present porosity values between 25 and 35% for
L/P of 0.44 mL/g. In addition, the compressive strength ranged
from 28 to 38 MPa, suggesting that the bigger particle size of
a-TCP obtained in this work is the major responsible of the
slight lower compressive strength.

Maximum diametrical stress resistance

Based on the results and calculations of the Weibull distri-
bution, it was constructed Fig. 8, where the dotted values
correspond to the experimental data and were determined
using Eq. (2), while continuous lines correspond to the Weibull
probability plots based on Eq. (3).

Table 5 compiles the Weibull parameters and the charac-
teristic stress associated with the 10, 50 and 90% probability
of failure for each cement sample. It is possible to see that the
characteristic strength and probabilities are greater for the 5%
CHA-B sample. This result that agrees with the observed ten-
dency in axial compression, attributed to the fact that there
can be an effect of CHA-B addition in terms of larger nucle-
ation points for the precipitation of the CDHA phase. The other
conditions show similar values to condition without CHA-B

Table 5 — Parameters of Weibull distributions,

characteristic strength (o), Weibull modulus (m) and 10,
50 and 90% probability of failure for each condition.

Cement formulation oo (MPa) m P¢-10% Ps-50% Pf—90%
(@{0] 6.48 6.78 4.64 6.13 7.34
C5 8.17 6.61 5.8 7.74 9.29
C10 6.41 7.29 471 6.1 7.24
C15 6.65 4.80 4.45 6.17 7.91

addition, which, as explained before, can be caused by the
formed agglomerates.

The Weibull modulus variation indicates that higher value
is obtained for C10 (m=7.29) and lower for C15 (m =4.80) which
indicates that these conditions are the most and less reliable
values, respectively. Both CO and C5 present similar modulus
indicating that both conditions are equally reliable. The low m
value of C15 propose that the defects present in the cement
are more gathered in comparison with the other cements [53].
Result that, once again, is attributed to the possibility of higher
agglomerations due to the higher amount of CHA-B.

The diametral tensile strength of the cements may be con-
sidered higher than others reported [43,54,55], which may be
attributed to the longer setting time here used. Neverthe-
less, Baudin et al. [30] used similar setting process (24h room
temperature + 7 days at 36.5°C) and differences related to the
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Fig. 9 - SEM micrographs of the fracture surface of each CPC formulation; 500x and 10000x from left to right for C0, C5 C10
and C15 (from top to bottom). Final row show agglomerates present in G10 and C15 samples.
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Fig. 10 - SEM micrographs of the surface exposed to pH equal to 2; 500x and 10 000x from left to right for CO, C5 G10 and

C15 (from top to bottom).

pristine cement may be attributed to the lower amount of
CDHA and higher L/P ratio than the ones here presented.

Morphology of CPCs

Fig. 9 shows SEM micrographs of all CPC formulations. At low
magnifications, it can be seen a porous and rough surface,
suitable to favor the osteoconduction at in vivo level; while at
higher magnifications, it is possible to distinguish the charac-
teristic flower structure of CDHA crystals in CPCs, where the
flower is an agglomerate of CDHA crystals that share a nucle-
ation point. It is also possible to appreciate the entanglement
of the crystals, important to have high mechanical resistance
[5,21]. All the formulations presented these characteristics, so
together with the results of FTIR and XRD it can be inferred
that the setting process, although not complete, is adequate

to obtain a CPC with CDHA crystals properly organized which
give place to a stable structure.

In conditions C10 and C15 it was detected large agglom-
erates attributed to CHA-B (Fig. 8, bottom images). In
C10 agglomerates were of approximately 350pum and in
C15 of 195um. Agglomerates are attributed to the nano-
metric size of CHA-B and may be acting as stress
concentrators.

It was expected that the higher CDHA content in C10 and
C15 would lead to higher mechanical resistance, although,
observed agglomerations promoted equal or lower mechan-
ical resistance by increment of CHA-B in CPCs, indicating
that the presence of these defects have higher effect in the
final mechanical resistance. In C5 it was not observed such
high agglomerates, assuming that CHA-B has been better



326 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 62 (2023)315-328

—~
)
-
L
HH
—

Percentage of mass lost
©
1

O T T T T T
Co C5 c10 c15
Cement formulation

Fig. 11 - Percentage mass loss of CPCs after accelerated
degradation test at pH 2, 37 °C and 100 RPM for 8 h.

distributed in the cement, promoting the tendency toward a
higher mechanical resistance.

Accelerated degradation test

Fig. 10 shows SEM micrographs of samples from the acceler-
ated degradation test. For the images at lower magnification, a
smooth surface is observed, and at higher magnifications the
microstructural changes of the cements are noticeable, since
the characteristic crystals of CDHA shown in Fig. 9 have been
dissolved by the acid solution (pH = 2) used during the test [36].
These results are adequate as they indicate that CPCs will have
a biodegradable character under in vivo conditions regardless
of the added percentage of CHA-B.

In addition, the pH of the solution in each of the contain-
ers was measured every hour, where it was obtained that this
fluctuated between values of 1.97 and 2.03 on the pH scale,
indicating that during the 8 h of duration of the test the acid-
ity remained constant. Finally, at the end of the degradation
test, the change in mass of each specimen was calculated; the
results are shown in Fig. 11. All the conditions presented a
loss of mass around 16% in weight, which indicates that the
addition of CHA-B maintains the biodegradable character of
calcium phosphate cements suitable for bone implants. Like-
wise, it is to be appreciated that the C15 data present a greater
dispersion, attributed to the fact that CHA-B exhibits a higher
reactivity character, and when presenting a greater content of
it, it causes a greater fluctuation in the data.

Conclusions

In this study, carbonate hydroxyapatite type B seemed to
be obtained by inverse aqueous reaction method and cal-
cium phosphate cements with different additions of this
HAC-B were developed. Cements showed to be suitable for
bone substitutes due to its chemical composition, high pres-
ence of calcium-deficient hydroxyapatite and the appropriate
mechanical resistance which are similar to the ones presented

in trabecular bone. The FTIR result was consistent with XRD,
SEM and the calculated Ca/P ratio, confirming the formation of
CDHA in all experimented formulation. Besides, by means of
diffractograms and phase analysis by Rietveld method, it was
appreciated that the addition of carbonated hydroxyapatite
type B decreases the amount of residual a and B tricalcium
phosphate in the final CPC. It was identified that the condi-
tion that has 5% in weight of carbonated hydroxyapatite type
B tends to have a higher mechanical response especially in
diametral strength, but higher additions decreases to values
close to the one showed by the cement without additives.

In this work we have demonstrated that the CHA-B addition
acts as a nucleant agent to obtain CDHA in calcium phosphate
cements, improvingits properties with a good in vitro behavior.
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